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Abstract
There exists within the electricity generation sub-sector the potential for substantial GHG reductions through the ap-
plication of CO2 capture and storage technologies. Many assessments of the cost and performance of power plants
with CCS (Carbon Capture and Storage) have been undertaken but these studies almost always omit considering oper-
ability: the ability of a process to operate satisfactorily under conditions diﬀerent than the nominal design conditions.
Electricity systems rely upon generators with a high degree of operability in order to meet variations in power
demand, ambient conditions, fuel supply, etc. and the need for operability is expected to increase in the future. The
operability of CCS technologies could have a major impact on the extent to which CCS is used in the years to come
and it could also aﬀect the choice of the optimum CO2 capture technology.
The attention given to the operability of power plants with CCS is in sharp contrast to its potential significance;
only a handful of the research groups contributing to the sizeable CCS literature are explicitly investigating the
operability of these technologies. This paper seeks to correct this oversight and proposes the scope of a compre-
hensive comprehensive assessment of the leading CO2 capture schemes — pre-combustion, post-combustion, and
oxy-combustion — with respect to operability.
In the final analysis, a layered approach is suggested with four major study areas:
• flexibility
• controllability
• start-up/shutdown characteristics
• assessment of trade-oﬀs between operability and cost
While the proposed undertaking is ambitious, it is believed that by building upon the existing process modelling
and simulation expertise that exists with the CCS community, the work could be completed within a reasonable
amount of time.
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1. Introduction
There is a global interest in reducing anthropogenic GHG (Greenhouse Gas) emissions and, thereby, mitigating the
worst impacts of global climate change. Within the electricity generation sub-sector exists the potential for substantial
GHG reductions through the application of CO2 capture and storage technologies. At the moment, the three processes
most likely to be implemented at power plant-scale are pre-, post-, and oxy-combustion capture. Although it’s still
not for certain if any of these processes will ever be (widely) deployed at power-plant scale, the debate has shifted
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from “Can CO2 be captured (economically)?” to “Which CO2 capture process is the best candidate for a particular
circumstance?”.
Often, in the eﬀorts trying to answer this latter question, explicit consideration of the electricity system within
which CCS is to be introduced is absent. Electricity systems consist of generators and loads, connected via a trans-
mission system, under the coordination of a system operator. Electricity systems are designed to safely and reliably
provide consumers with electricity, on demand, in an economically eﬃcient manner. There are several features of
electricity systems which make this possible:
• Transmission grids have multiple routes between each generator and load.
• There is more capacity within the system then is strictly needed.
• The generators and, to a lesser but growing extent, the loads are highly operable.
Operability, in this context, refers to the ability of a process to operate satisfactorily under conditions diﬀerent
than the nominal design conditions.(Biegler et al., 1997) An operable process has the following characteristics:
1. It is flexible. That is, the process is able to operate in an acceptable manner over a range of steady-state
conditions.
2. It is controllable. That is, it is both able to recover from process disturbances and move to new set-points in a
measured and timely fashion.
3. It is able to be started-up and shutdown.
4. It accommodates equipment failures in a safe manner.
If introduction of new technologies (e.g., power plants with CCS) within electricity systems is to occur then care
must be taken to ensure that the safe, reliable, demand-driven, and economically eﬃcient operation of electricity
systems is not compromised. Given that it is the operability of constituent generators that enables electricity systems
to work as well as they do, the operability of power plants with CCS really needs to be investigated. In addition, for
generator owners, operability provides access to additional revenue streams and this financial incentive is expected
to grow in the future. And, for other electricity system stake-holders (e.g., consumers), generator operability could
result in a reduction in the price of electricity. All the more reason for the operability of power plants with CCS to be
considered.
2. Operability of power plants with CCS current under-investigated
It may be a surprised to learn that the operability of power plants with CCS has not received much attention. Some
studies mention it in passing; only a handful of studies in the recent literature consider it explicitly. Two of these
groups are focused on oxy-combustion:
• Yamada et al. (Yamada et al., 1999) use a dynamic simulation of a 1000 MWe oxy-combustion power plant to
simulate plant start-up and examine its part-load and base-load operation.
• Imsland (Imsland, 2006) considers the controllability of oxy-fuel combustion using dynamic models.
The other two groups consider post-combustion capture using amines:
• Alie et al. (Alie et al., 2006) describe the electricity system generation cost reduction that is realized when
coal-fired power plants with CO2 capture have flexibility with respect to the CO2 recovery rate.
• Chalmers and Gibbins (Chalmers et al., 2006; Chalmers and Gibbins, 2007) consider the flexibility of a coal-
fired power plant with CO2 capture using amine absorption.
Overall, there’s much more that is unknown than is known. Therefore, the operability of the three leading CO2
capture processes — post-combustion, pre-combustion, and oxy-combustion — with coal and natural gas as a fuel
source should be assessed. Table 1 lists operability issues that that should be examined as part of this assessment.
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Flexibility issues Controllability issues Start-up/shutdown
1. Part-load operation.
2. Support for standby modes.
3. Changing ambient conditions.
4. Variable fuel inputs.
5. Variable CO2 capture rates.
6. Unsynchronized hydrogen and
electricity production.
7. Unsynchronized hot water/steam
and electricity production.
8. Variable CO2 transmission and well
injection.
1. Ramp rate.
2. Variable CO2 capture rates.
3. Variable CO2 transmission and well
injection.
4. Resiliency.
1. Generator start-up and shutdown.
2. Start-up and shutdown of CO2
capture plant.
Table 1: Operability issues
3. Proposed assessment of operability of power plants with CCS
What does an “assessment” of the power plants with CO2 capture entail? Assuming all the processes meet or
exceed requirements for safety, the study, as envisioned, would ascertain the relative economic benefit of the diﬀerent
mitigation technologies. A layered approach consisting of four major study areas is proposed; these areas and the
relationship between them is depicted in Figure 1.
Flexibility
Controllability
Start-up/shutdown
Operability trade-oﬀs
Figure 1: Onion diagram for power plant with CO2 capture operability study
As implied by Figure 1, flexibility analysis is the starting point and each subsequent layer build upon the previous
work that was done. In what follows, an outline of activities required in each major study area is given.
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3.1. Flexibility
The focus here is steady-state performance of power plants with CO2 capture under a variety of conditions. The
core activities are:
1. Development of steady-state models.
• Includes sizing and/or performance of all major pieces of equipment
• Process operating constraints need to be identified (e.g., approach to entrainment flooding in stripper
≤ 80%)
2. Flexibility analysis.
• With respect to changing ambient conditions and variable fuel inputs, demonstrate feasible operation over
the expected domain of uncertain parameters (i.e., flexibility test problem).
• For other variables (i.e., plant load, CO2 recovery, etc.), quantify the amount of flexibility.
3.2. Controllability
The focus is expanded to include the dynamic performance of the processes in the face of set-point changes and
disturbances. The milestones in this area are:
1. Development of dynamic models.
• Development of dynamic process models can be accelerated by leveraging steady-state models developed
within inner level.
• Control systems need not be “perfect” or “optimal” as the overall controllability depends mostly on the
process design.
2. Controllability analysis.
• Examine the disturbance rejection ability of the diﬀerent CO2 capture processes.
– Important disturbances that all processes need to be assessed against include fuel composition and
ambient conditions
– There are important disturbances that are process specific and these too should be assessed (e.g.,
downstream oxygen purity in oxy-combustion).
– Many diﬀerent control performance metrics exist: integral error, maximum deviation of controlled
variable, decay ratio, rise time, etc.
• With respect to changes in the set-point of plant load, CO2 recovery, etc., a key performance metric is the
speed with the controlled variable moves from one steady-state condition to another.
3.3. Start-up/shutdown
At this level, the dynamic performance of the processes in the special cases of start-up and shutdown are also
included in the analysis.
1. Extension of dynamic process models.
• Incorporate streams and units associated with start-up and shutdown to the dynamic models developed in
the previous level. (e.g., PC (Pulverized Coal) plants use natural gas for start-up and to enhance flame
stability at low loads.)
• Devise start-up and shutdown sequences.
2. Start-up/shutdown analysis.
• Important performance metrics include:
– time to start-up/shutdown
– cost of start-up/shutdown
– minimum-up and -down times.
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3.4. Operability trade-oﬀs
Finally, the information garnered at the inner levels is used to enable the ‘benefits’ of operability to be assessed
thus enabling the relative economic benefit of the diﬀerent mitigation technologies to be assessed.
1. Develop electricity system simulation model incorporating power plants with CO2 capture.
The operation of the power plant in the context of the real electricity system should be considered.
• Summarize the electricity system being used for the case study.
• Develop reduced-order models of the power plants with CO2 capture.2
• Synthesize schedule of electricity demand, changing ambient conditions, fuel variability, CO2 price, etc..
2. Simulate operation of electricity system.
• A separate electricity system simulation is required for each CO2 mitigation technology being investigated.
3. Perform the cost/benefit analysis.
• Estimate the capital and FOM costs for the diﬀerent capture process.
• Using the data from the electricity system simulation, calculate the CoE (Cost of Electricity).
Four simulation tools are mentioned in the recent open literature for the simulating the performance of power plants
with CCS: Aspen Plus R©, Unisim Design, gPROMS, and ProTreat. All but ProTreat appear to be good candidates for
the assessment of operability for the CO2 capture schemes of interest in this study.
3.5. Eﬀort required for operability study
Table 2 summarizes the eﬀort involved in traversing each layer of the ‘onion’. The column labelled Eﬀort is an
estimate of the person-eﬀort required for completing each major study area. Time is an estimate of the the calendar
time required to complete each area of study. It is obtained by assuming that development of post-, pre-, and oxy-
combustion process models is performed concurrently. That being said, it might be possible to further parallelize the
work and, therefore, the estimates in this last column are probably conservative.
Table 2: Summary of eﬀort required for detailed operability study
Area of Study Eﬀort Time
person-months months
Flexibility 12–48 8–24
Controllability 14–46 8–22
Start-up/shutdown 9–18 5–10
Operability trade-oﬀs 10–22 10–22
Total 45–134 31–78
The outputs from the detailed study are expected to include suggestions (e.g., flowsheet changes, equipment mod-
ifications) for improving the flexibility and controllability of power plants with CCS. It is thought that the assessment
of these new scenarios could be performed relatively quickly by reusing models and systems from the detailed study.
2Electricity system scheduling is normally cast as LP (Linear Programming) or NLP (Non-Linear Programming) programming problems and it
is currently not feasible to solve these problems with detailed process models imbedded inside. Thus, the need for reduced-order models.
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4. Conclusion
Modern and future electricity systems require their constituent generators to be operable if the systems are to meet
their customers’ expectations. If power plants with CCS are to be introduced within these systems then the operability
of these plants must first to be assessed.
To date, there is little mention of the operability of power plants with CCS in the literature. A few researchers
have begun to think about the operability of these processes in a determined fashion but there is much more that is
unknown rather than is known. Therefore, there is a need for the evaluation of leading CO2 capture technologies with
respect to operability.
Techniques are available for the assessment of flexibility, controllability, and start-up/shutdown issues. These
techniques are a combination of theoretical methodologies and experience based approaches. In anticipation that
commercially-available process simulation software will be used to perform the studies, four applications that have
been featured in the power plant with CCS literature have been identified and their capabilities investigated. Of these
four — Aspen Plus R©, HYSYS, gPROMS, and ProTreat — all but the latter appear to be well suited to the investigations
that are proposed.
The general feeling is that “the more operability, the better”. However, it is equally understood that improving
the performance of a process at oﬀ-design conditions comes at a cost. It is important to understand, then, where the
operability cost-benefit trade-oﬀ lies. It is suggested that to do so with reasonable accuracy requires the simulation of
the electricity system within which the increased operability is proposed. The key benefit of this approach is that it
endogenizes many of the variables that are diﬃcult to predict in electricity systems for which no real-world experience
exists (i.e., there is no real-world experience with power plants with CCS).
A layered approach is synthesized for performing the operability assessment. As one proceeds outward from the
core, the output from the previous level feeds into the next; deeper insight into plant operability is obtained but at
the expense of additional cost and eﬀort. In total, it is estimated that the entire project would take a minimum of 4
person-years worth of eﬀort and 2.5 years to complete.
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